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The  microstructure  and  ﬂexural  strength  of long  silicon  nitride  pipes  joined  by  a local  heat-joining  tech-
nique  at different  mechanical  pressures,  temperatures,  and holding  times  were  examined.  Silicon  nitride
pipes sintered  with  Y2O3 and  Al2O3 additives  were  used  as  the parent  material,  and  a powder  slurry  of
a  Si3N4–Y2O3–Al2O3–SiO2 mixture  was brush-coated  on  the  rough  or uneven  end  faces  of the  pipes.  The
ﬂexural  strength  gradually  decreased  with  decreasing  mechanical  pressure  from  5  to 1.4 MPa  at  1600 ◦C
for 1 h.  A large  number  of  small  voids  measuring  less  than  1  m were  present  in  the  joint  layers  of  the
samples  joined  with  mechanical  pressures  of  1.4 and  3  MPa  at 1600 ◦C for  1  h,  although  there  were  very
◦
ilicon nitride
icrostructure
lexural strength
ong tubular component
few  voids  formed  at 5  MPa.  When  the joining  temperature  was  increased  to 1700 C  for  1 h, some  voids
were  observed  in both  the  joint  layer  and  the  parent  silicon  nitride,  and  the  ﬂexural  strength  decreased
to  529  MPa.  Furthermore,  some  voids  were  formed  in the parent  silicon  nitride  when  the  holding  time
was  increased  from  1 to 4 h  at 1600 ◦C and  5 MPa,  which  indicated  slight  degradation  of the  strength  from
677  to 644  MPa.
ic  So
p
u
b
p
a
r
o
b
m
r
d
n
u
s© 2013  The  Ceram
. Introduction
Silicon nitride ceramics are expected to be useful as industrial
omponents for improving the quality of products and saving
nergy in manufacturing industries because of their excellent
eat resistance, wear resistance, good corrosion resistance, and
ightweight [1]. These ceramics are widely used as tubular com-
onents, which are often over 10 m in length. However, it is
ifﬁcult to fabricate a long tubular component as a single unit.
oining is one of the most promising techniques to obtain such
ong ceramic components [2] in which a long tubular component
an be fabricated by joining several short tubes. In addition, local
eating of the joint region is essential for joining ceramic units in
rder to reduce energy consumption and cost in the production∗ Corresponding author. Tel.: +81 52 736 7559; fax: +81 52 736 7405.
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rocess. Furthermore, silicon nitride tubular components are
sually exposed to high temperature, corrosive environments, or
oth. In order to meet these challenges, the joint regions and the
arent silicon nitride must have identical mechanical, thermal,
nd chemical properties. This can be achieved by making the joint
egion’s microstructure and chemical composition similar to those
f the parent silicon nitride.
There have been some reports on the joining of silicon nitride
y heat treatments with ceramic inserts in order to obtain good
echanical and chemical properties of the silicon nitride joints at
oom and high temperatures [3–10]. In these studies, oxide pow-
ers [3,4], oxide powders containing silicon nitride [5–8], silicon
itride powder [9], and deformable SiAlON plates [10] have been
sed as the inserts. The scale of the joined samples was  always
mall and all the samples were heated in conventional furnaces.
owever, the small scale of the sample and the general heating
re not suitable for the joining of the large components mentioned
bove.
The authors recently reported research studies on a local heat-
oining technique of silicon nitride pipes using electric furnace
quipment specially developed for fabricating long ceramic pipes
y joining [11]. A powder slurry of Si3N4–Y2O3–Al2O3–SiO2 was
rush-coated on the end faces of the silicon nitride pipes; the
dvantage of this technique is the easy joining of the silicon
itride pipes even with rough or uneven end faces for fabrica-
ion of long tubular components. The 1-m-long silicon nitride pipes
ere joined by locally heating the joint region at temperatures of
 Ceramic Societies 1 (2013) 308–313 309
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was similar to that of the parent region, although the grain size
in the joint layer was  substantially smaller than that of the parent
silicon nitride. The silicon nitride in the joint layer was composed
Table 1
Fracture sites of samples joined with applied pressures of 1.4, 3, and 5 MPa  [11] at
1600 ◦C for 1 h.M. Hotta et al. / Journal of Asian
500–1650 ◦C with a holding time of 1 h and a mechanical pressure
f 5 MPa  in ﬂowing N2 gas. The samples joined at 1600 and 1650 ◦C
howed the highest ﬂexural strength of around 680 MPa, which was
lmost equal to that of the parent silicon nitride. However, the long
ilicon nitride pipe is likely to cause a deformation at high temper-
tures, particularly under an applied pressure, leading to buckling
f the joined silicon nitride tubular components. Therefore, joining
t a lower applied pressure is required in order to inhibit the buck-
ing of the long tubular components. In addition, it was very difﬁcult
o apply a high N2 gas pressure, which was used to suppress the
ecomposition of silicon nitride, because a gastight structure can-
ot be placed in the furnace. Hence, it is necessary to examine the
ffect of joining conditions on the microstructure and mechanical
trength of silicon nitride pipes joined under atmospheric pressure
n ﬂowing N2 gas.
This paper presents the mechanical strength of the silicon
itride pipes joined by the local heat-joining technique with lower
echanical pressures of 1.4 and 3 MPa  at 1600 ◦C for 1 h, as well
s the microstructure of the joint and parent regions. We  also con-
ucted the joining at a higher temperature of 1700 ◦C for 1 h with
 MPa  and for a longer holding time of 4 h at 1600 ◦C with 5 MPa
n order to examine the effects of higher joining temperature and
onger holding time on the microstructure and mechanical strength
f the joined silicon nitride pipes. These results were compared to
hose at 1500–1650 ◦C for 1 h with 5 MPa  in the previous work.
. Experimental procedure
Commercially available silicon nitride pipes sintered with Y2O3
nd Al2O3 additives (SN-1 grade, Mitsui Mining & Smelting Co., Ltd.,
okyo, Japan) were used as the joined pipes. The silicon nitride pipe
as composed of -phase. The ﬂexural strength evaluated by four-
oint bending was approximately 740 MPa. The length of the pipes
as 1 m,  and the outer and inner diameters were 28 and 18 mm,
espectively. A powder mixture of Si3N4–Y2O3–Al2O3–SiO2 with a
omposition of oxynitride glass was used as the insert material. The
omposition of the mixture was 30.2 mass% -Si3N4, 43.3 mass%
2O3, 11.7 mass% Al2O3, and 14.8 mass% SiO2, which was previ-
usly reported by Xie et al. for the joining of silicon nitride using an
xynitride glass insert [7]. -Si3N4 (average particle size: 0.5 m;
N-E10 grade, Ube Industries, Ltd., Japan), Y2O3 (average parti-
le size: 1.3 m;  RU-P grade, Shin-Etsu Chemical Co., Ltd., Japan),
l2O3 (average particle size: 0.6 m;  AL-160SG-4 grade, Showa
enko K.K., Japan), and SiO2 (average particle size: 0.8 m;  Kojundo
hemical Laboratory Co., Ltd., Japan) were used. These powders
ere mixed by ball-milling in a plastic pot with Al2O3 balls and
thanol for 48 h. The mixed powder was dried and passed through
 sieve, and a small amount of ethanol was added to prepare the
lurry for the insert material. The slurry was brush-coated on the
ough or uneven joint surfaces of the silicon nitride pipes and then
ried.
Next, two silicon nitride pipes were ﬁxed to a local heating tool
11], and the joint region of the pipes was inserted in the tool’s
lectric furnace. The pipes were joined at 1600 ◦C with a holding
ime of 1 h in ﬂowing N2 gas. Different mechanical pressures of 1.4
nd 3 MPa  were applied to the joint surface during joining. Join-
ng at 1700 ◦C for 1 h and at 1600 ◦C for 4 h was also performed in
owing N2 gas with a mechanical pressure of 5 MPa. In our pre-
ious work, joining was conducted at 1500–1650 ◦C for 1 h with
n applied pressure of 5 MPa  [11]. During the joining, the pipes
ere rotated at a rate of 3 rpm (0.05 s−1). The joined silicon nitride
ipes were then cut perpendicular to the joint surface to examine
ts microstructure at the joint region and to measure the joining
trength.ig. 1. Room-temperature ﬂexural strength of samples joined with applied
ressures of 1.4, 3, and 5 MPa  [11] at 1600 ◦C for 1 h.
Scanning electron microscopy (SEM; JEM-5600, JEOL Ltd., Japan)
as used to characterize the microstructure of the joint region.
he surface of the obtained samples was polished with a diamond
lurry and then etched by plasma in CF4 gas. The etched surface
as observed by SEM. The joining strength of the specimens was
easured at room temperature using a four-point bending method
n a universal testing machine (Sintech 10/GL, MTS  Systems Corp.,
SA). The specimens had dimensions of 3 mm × 4 mm × 40 mm and
he joint region was at the center of the bending bar. The outer and
nner spans were 30 and 10 mm,  respectively, and the crosshead
peed was  0.5 mm/min.
. Results and discussion
.1. Joining with lower applied pressures
Fig. 1 shows the room-temperature ﬂexural strength of the sam-
les joined with applied pressures of 1.4, 3, and 5 MPa [11] at
600 ◦C for 1 h. The ﬂexural strength decreased and the variabil-
ty increased with decreasing applied pressure. The samples joined
ith applied pressures of 1.4 and 3 MPa  had average strengths of
71 and 626 MPa, respectively. Among the six tested samples, three
nd two were fractured from the parent region at 1.4 and 3 MPa,
espectively, while four were fractured at 5 MPa  (Table 1).
The microstructures of the silicon nitride joints were observed
o investigate the cause of the decrease in the ﬂexural strength with
ecreasing applied pressure. Fig. 2 shows the SEM micrographs of
he joint layer of the sample joined with an applied pressure of
.4 MPa  at 1600 ◦C for 1 h. The thickness of the joint layer was uni-
ormly around 10 m (Fig. 2(a)). The magniﬁed view is shown in
ig. 2(b). In addition to small equiaxed grains, many ﬁbrous grains
ere formed in the joint layer, indicating grain morphology thatJoining pressure (MPa) Fracture sites (no. of specimens)
1.4 Joint (3), parent (3)
3  Joint (4), parent (2)
5  [11] Joint (2), parent (4)
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materials from the Si3N4–Y2O3–Al2O3–SiO2 system, which has the
same composition as that used in this study. They reported that
the external pressure facilitated the spreading of the highly vis-
cous insert materials into the joint surface and accelerated theig. 2. Scanning electron micrographs of the joint layer of the Si3N4 sample joined
ith an applied pressure of 1.4 MPa  at 1600 ◦C for 1 h: (a) low-magniﬁcation and
b) high-magniﬁcation images.
f - and -phases. In addition, a large number of small voids less
han 1 m in size, which were minimal in the parent region, were
resent in the joint layer, indicating that the densiﬁcation was not
ully completed. The border between the joint layer and the par-
nt region is clearly distinguishable because of these differences in
icrostructural features.
Fig. 3 shows the SEM micrographs of the joint layer of the sam-
le joined with an applied pressure of 3 MPa  at 1600 ◦C for 1 h. The
hickness of the joint layer was less than that at 1.4 MPa, varying
rom several microns to 10 m (Fig. 3(a)). This was attributed to the
ow of the extra melted insert to the joint surface in the pipes due
o an increase in the applied pressure from 1.4 to 3 MPa  during the
oining. The magniﬁed view is shown in Fig. 3(b). The microstruc-
ure in the joint layer consisted of ﬁbrous and equiaxed grains,
hich was the same as the microstructure at 1.4 MPa. Although
mall voids less than 1 m in size were observed in the joint layer
n this sample, there were fewer voids than that at 1.4 MPa. Simi-
arly to the case at 1.4 MPa, the border between the joint layer and
he parent region is clearly distinguishable.
When the applied pressure was increased to 5 MPa, the types of
oids that were observed at 1.4 and 3 MPa  (Figs. 2 and 3, respec-
ively) were minimal [11] (Fig. 4). In addition, some ﬁbrous grains
eemed to interpenetrate the parent region and joint layer, lead-
ng to a less distinct border as compared to those at 1.4 and 3 MPa.
ence, the decrease in the ﬂexural strength and the increase in the
ariability of the silicon nitride joints with decreasing applied pres-
ure are attributed to the small number of voids in the joint layers
F
wig. 3. Scanning electron micrographs of the joint layer of the Si3N4 sample joined
ith an applied pressure of 3 MPa  at 1600 ◦C for 1 h: (a) low-magniﬁcation and (b)
igh-magniﬁcation images.
nd the weaker joint border due to little interpenetration of ﬁbrous
rains.
Xie et al. [5] studied the joining of silicon nitride with insertig. 4. Scanning electron micrograph of the joint layer of the Si3N4 sample joined
ith an applied pressure of 5 MPa  at 1600 ◦C for 1 h [11].
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Table  2
Room-temperature ﬂexural strength and fracture sites of samples joined at 1700 ◦C for 1 h with an applied pressure of 5 MPa, in comparison with the previous results of
ﬂexural strength at 1500–1650 ◦C [11].
Joining temperature (◦C) Average strength (MPa) Standard deviation (MPa) Fracture sites (no. of specimens)
1500 [11] 412 96 Joint (6)
1550  [11] 412 124 Joint (6)
1600  [11] 677 61 Joint (2), parent (4)
97 Joint (3), parent (3)
119 Joint (1), parent (5)
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Fig. 5. Scanning electron micrographs of the joint layer and parent region of the
Si3N4 sample joined at 1700 ◦C for 1 h with an applied pressure of 5 MPa: (a)
low-magniﬁcation and (b) high-magniﬁcation images of the joint layer; (c) low-1650  [11] 682 
1700  529 
ensiﬁcation of the joint layer, resulting in higher joining strength.
peciﬁcally, when the joining was performed at 1600 ◦C for 30 min
ith an applied pressure of 2 MPa, the joint layer was fully densi-
ed. On the other hand, in this study, small voids were observed in
he joint layers when the applied pressures were 1.4 and 3 MPa.
evertheless, the joining strength of the sample joined even at
.4 MPa  in this study was higher than that at 2 MPa  in the study
y Xie et al. This was most likely caused by the formation of a
trong border between the parent region and joint layer because
he rearrangement and solution–precipitation processes of silicon
itride grains were enhanced as a result of the longer holding time
f 1 h.
.2. Joining at higher temperature
Fig. 5 shows the SEM micrographs of the joint layer and parent
egion of the sample joined at 1700 ◦C and 5 MPa  for 1 h. The thick-
ess of the joint layer varied from almost zero to several microns
Fig. 5(a)). The magniﬁed view of the joint layer is shown in Fig. 5(b).
ecause of the higher temperature of 1700 ◦C, the grain growth was
nhanced in the joint layer and some of the mature ﬁbrous grains
ppeared to interpenetrate the parent region and joint layer. On
he other hand, formation of some voids was observed in the joint
ayer (indicated by arrows in Fig. 5(b)), whereas such voids were
ot formed in the samples joined at 1600 and 1650 ◦C for 1 h at
 MPa  [11]. This suggests that the formation of voids was caused
y the vaporization of glass in the joint layer and the decomposi-
ion of silicon nitride in the joint layer and parent region because
f the higher temperature of 1700 ◦C under atmospheric pressure.
his speculation is supported by the observation that a substantial
umber of voids were formed in the parent silicon nitride as well
indicated by arrows in Fig. 5(c)).
Table 2 shows the room-temperature ﬂexural strength and
racture sites of the samples joined at 1700 ◦C with 5 MPa  for
 h. For comparison, the previous results of ﬂexural strength at
500–1650 ◦C for 1 h with an applied pressure of 5 MPa  [11] are also
hown. The strength of the sample joined at 1700 ◦C decreased from
bout 680 to 529 MPa  with increasing joining temperature from
600 ◦C and 1650 ◦C to 1700 ◦C. Of the six tested samples joined at
700 ◦C, ﬁve had fractures originating from the parent region.
Xie et al. [6] performed joining of silicon nitride using insert
aterial from the Y2O3–Al2O3–SiO2 system at joining tempera-
ures ranging from 1450 to 1750 ◦C for 30 min  without applied
ressure. The joining strength reached a maximum value of
00 MPa  at a joining temperature of 1650 ◦C and then decreased
apidly when the temperature was increased to 1700 ◦C. They
eported that the increase in joining temperature led to the ﬂow of
he melted insert into the area outside of the joint layers such that
ittle insert material remained inside, resulting in a weak joint. In
his study, on the other hand, the joint layer was formed between
he parent silicon nitrides without the ﬂow of insert material men-
ioned above, although the formation of some voids was observed
n the joint layer. This was the result of the higher viscosity of the
xynitride glass derived from the insert material belonging to the
magniﬁcation image of the parent region.
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Table  3
Room-temperature ﬂexural strength and fracture sites of samples joined at 1600 ◦C for 4 h with an applied pressure of 5 MPa, in comparison with the previous results of
ﬂexural strength for 1 h [11].
Holding time (h) Average strength (MPa) Standard deviation (MPa) Fracture sites (no. of specimens)
1 [11] 677 6
4  644 4
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Aig. 6. Scanning electron micrographs of the joint layer of the Si3N4 sample joined
t  1600 ◦C for 4 h with an applied pressure of 5 MPa: (a) low-magniﬁcation and (b)
igh-magniﬁcation images.
i3N4–Y2O3–Al2O3–SiO2 system at higher temperature. The vis-
osity of glass generally increases when an oxide glass is doped
ith nitrogen [12], i.e., the viscosity of the oxynitride glass becomes
igher than that of oxide glass. Furthermore, most of the samples
ere fractured, with fracture origins that were not in the joint layer
ut in the parent region. Hence, although a strong joint border was
ormed owing to joining at a higher temperature of 1700 ◦C, the
oids formed in the parent region acted as fracture origins, result-
ng in the degradation of the ﬂexural strength of the sample joined
t 1700 ◦C.
.3. Joining with longer holding time
Fig. 6 shows the SEM micrographs of the joint layer of the sam-
le joined at 1600 ◦C for 4 h with an applied pressure of 5 MPa.
he thickness of the joint layer varied from almost zero to several
icrons (Fig. 6(a)). The magniﬁed view is shown in Fig. 6(b). Mini-
al  voids were observed in the joint layer, which was  similar to the
ase of the sample joined at 1600 ◦C for 1 h with an applied pres-
ure of 5 MPa. The grain size in the joint layer increased and the
m
f
N
(1 Joint (2), parent (4)
1 Joint (1), parent (5)
hickness of the joint layer decreased as compared to those with a
olding time of 1 h at 1600 ◦C, leading to a less distinct joint border.
n the other hand, some voids were formed in the parent silicon
itride (indicated by arrows in Fig. 6(a)), which is caused by vapor-
zation of the glass phase consisted of SiO2–Y2O3–Al2O3 system in
he parent silicon nitride and decomposition of silicon nitride in the
arent region owing to a longer holding time at higher temperature
nder atmospheric pressure.
Table 3 shows the room-temperature ﬂexural strength and frac-
ure sites of the sample joined at 1600 ◦C for 4 h with an applied
ressure of 5 MPa. For comparison, Table 3 also shows the previous
esults of ﬂexural strength at 1600 ◦C for 1 h at an applied pressure
f 5 MPa  [11]. The sample joined at 1600 ◦C for 4 h had an average
trength of 644 MPa  and the strength decreased slightly with an
ncrease in holding time from 1 to 4 h. Of the six tested samples
oined for 4 h, ﬁve were fractured with fracture origins in the par-
nt region. Therefore, the voids formed in the parent silicon nitride
ould lead to degradation of the ﬂexural strength of the sample
oined for 4 h.
. Conclusions
Silicon nitride pipes were joined by a local heat-joining tech-
ique and effects of mechanical pressure, joining temperature,
nd holding time on the microstructural development and ﬂex-
ral strength of the silicon nitride joints were investigated. Pipes
intered with Y2O3 and Al2O3 additives were used for the par-
nt material and a powder slurry of the Si3N4–Y2O3–Al2O3–SiO2
ystem was brush-coated on the rough or uneven end faces of
he silicon nitride pipes. Joining was conducted with mechanical
ressures of 1.4 and 3 MPa  at 1600 ◦C for 1 h, at 1700 ◦C for 1 h with
 MPa, and at 1600 ◦C for 4 h with 5 MPa, and these results were
ompared to those at 1500–1650 ◦C for 1 h with a mechanical pres-
ure of 5 MPa  in the previous work. The ﬂexural strength increased
ith an increase in the mechanical pressure. A large number of
mall voids with dimensions of less than 1 m were identiﬁed in
he joint layers of the samples joined with mechanical pressures of
.4 and 3 MPa  at 1600 ◦C for 1 h, whereas there were minimal voids
ormed with a pressure of 5 MPa. Some voids were formed in the
oint layer, parent silicon nitride, or both when the joining temper-
ture was increased to 1700 ◦C for 1 h and the holding time was
ncreased to 4 h at 1600 ◦C, leading to the degradation of the ﬂex-
ral strength of the silicon nitride joints. The formation of the voids
as attributed to vaporization of the glass phase and the decom-
osition of silicon nitride in the joint layer and the parent silicon
itride owing to the higher temperature and longer holding time
nder atmospheric pressure during joining.
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